INTRODUCTION
Engineering sustainability problems relating to resource scarcity, climate change, and other multi-scale issues, are characterized by Lonngren et al. [14, 15] and others as highly complex, ill-structured, contested, and lacking in definite solutions. Such "Wicked Sustainability Problems" (WSPs) challenge engineers to work with people possessing varied ways of thinking and doing [24] . Transdisciplinarity is proposed as an approach by which stakeholders, including engineers, successfully address and manage WSPs [2, 6] . This approach involves mutual learning and a shared search for answers among problem stakeholders. It rejects the idea that knowledge must always be segmented into disciplinary "silos" and acknowledges that expertise comes in many forms. The challenge for engineering educators is to develop and teach constructively aligned curricula enabling engineering students to contribute to addressing these types of problems in transdisciplinary environments.
The University of British Columbia's first year engineering program has recently been redeveloped and now includes a strong focus on the introduction to design, including aspects of sustainability, as described elsewhere [7, 22] . As part of the continual improvement of this new curriculum, we, a subset of the first year engineering teaching team, aim to enhance the opportunities for first year students to improve their novice-level sustainability skills. Here, we frame these skills in terms of transdisciplinarity because of the gap between the transdisciplinary needs in practice and the current engineering curricula which focuses on training students to solve well-defined problems.
Transdisciplinary Skills
Transdisciplinarity can be defined as a problemsolving approach that acknowledges complexity, social accountability, mutual learning, and the co-creation of knowledge [1] . Several critical characteristics of individuals who successfully navigate transdisciplinary situations are summarized in Table 1 . 
Author
Transdisciplinary Characteristics · a belief in the existence of different levels of reality governed by different types of logic, · absolute respect for the collective, · openness toward myth and religions, · rigor in argument, · openness to and acceptance of the University of Toronto; June 4 -7, 2017 -2 of 8 -Augsburg (2014) [1] unknown, · tolerance of ideas opposed to one's own, · curiosity about and willingness to learn from other disciplines, · adaptability, · openness of mind, · creativity, · good communication and listening skills, · capacity to absorb information, · teamwork, · the ability to look beyond one's own disciplinary boundaries, · the capacity for disciplined selfreflexivity, · the ability to reflect on knowledge integration processes, and · the ability to take on new ideas.
Bernstein (2015) [2]
· think in a complex, interlinked manner, · think laterally, imaginatively, and creatively, and · integrate one's knowledge with the knowledge of others.
More traits than those in Table 1 are mentioned in the literature [8, 31, 32] . In particular, Remington-Ducette and Musgrave [25] describe interpersonal competence as a component of transdisciplinarity, and, as part of this competence, include the characteristic of empathy. Walther et al. [29] report a model of empathy in engineering practice that includes traits of self and other awareness, affective sharing, perspective-taking, and emotional regulation. Interestingly, Lonngren et al. [16] identify perspective-taking characteristics such as depth, coverage, and complexity, as key to the skill-set needed to successfully address WSPs.
There are multiple approaches to structuring and assessing connections between cognitive development and transdisciplinary learning. For example, according to Kitchener [12] , there are three levels of cognitive processing when one is faced with ill-structured problems, namely cognition; metacognition; and epistemic cognition. In this continuum, we are interested in how to structure and assess learners' levels of cognition such that the development of cognition depth is supported. When ill-structured problems are transdisciplinary, we become aware of another developmental trajectory that may be overlaid, such as those developmentalism concepts constructed in the intercultural competency research [5] . A vast realm of literature on the subject of intercultural sensitivity is available. For example, Bennett's theory draws the individual process of intercultural understanding as a continuum of six different levels: denial, defense, minimization, acceptance, adaptation and integration [10] .
Metacognition
As described by Schraw and Dennison [26] , "metacognition refers to the ability to reflect on, understand, and control one's learning". People possessing high metacognitive skills know about their cognitive (i.e. thinking) processes and how they use these processes in order to learn and recall knowledge [33] . Research suggests that metacognition is composed of two related components: metacognitive knowledge and metacognitive regulation.
Metacognitive knowledge can be described as what we know about how we learn (i.e., declarative knowledge), what we know about different learning strategies (i.e., procedural knowledge), and what we know about the environment or conditions that support our learning strategies (i.e., conditional knowledge). Metacognitive regulation, on the other hand, refers to the actions we take in order to learn and recall knowledge. These regulating actions can be described as planning, monitoring, evaluating, strategizing, and debugging. Metacognitive regulation is linked to self-regulated learning (SRL) in that it is more easily observed than direct metacognitive regulation.
Young and Fry [33] , Schram and Dennison [26] and others, report correlations between metacognitive knowledge and metacognitive regulation. There may also be a correlation between metacognition and academic performance, as indicated by the work of Lawanto et al. [13] , and others.
Development of metacognitive knowledge and regulation skills can be supported in the classroom. For example, structural alignment of course material, collaborative group work (wherein students explain their thinking to peers), instructor modeling of metacognition, and verbal encouragement to metacognate by instructors, help to develop metacognitive skills [28] . Further, activities that emphasize planning steps for problemsolving, and that provide opportunities for checking and revising solutions, also improve metacognition [11] . In engineering education, Borgford-Parnell et al. [4] show that reflection improves metacognition as it relates to design practice; while, Nelson et al. [18] suggest that classroom activities in support of an understanding of intelligence as "constructed", rather than "fixed," improves self-regulation of learning.
Research Questions
While Borgford-Parnell et al. [4] investigate the influence of metacognition on engineering design skills, we, the authors of this paper, wonder if transdisciplinary skills are influenced by metacognition. In this study, we propose to employ systems thinking (also known as complexity thinking) as a measure of transdisciplinary. We then ask two questions, namely: Can improving metacognitive levels, necessarily improve systems thinking? If so, can we provide early support of transdisciplinarity by helping students improve their metacognition?
According to Frank [9] , one of the cognitive characteristics of engineers with high capacity for engineering systems thinking includes their ability to understand the system from multiple perspectives, i.e., seeing beyond one's disciplinary framework, which is one of the transdisciplinary skills [1] . We argue that a correlation between systems thinking and metacognition will lead to the development of tools to structure and assess transdisciplinarity in a first year engineering course. Here, we follow the definition of transdisciplinarity offered by Bernstein [2] , and specifically the transdisciplinary skill to think in a complex, interlinked, manner. We do so for two reasons:
1. we aim to develop systems thinking in first year engineering students because, like (other) transdisciplinary skills, it is critical to addressing WSPs; 2. unlike many transdisciplinary skills mentioned in Section 1.1 above, we believe that levels of systems thinking are measureable.
METHODOLOGY
The study reported in this paper is motivated by two hypotheses:
1. systems thinking and metacognition are correlated, 2. activities that enhance metacognition help to improve systems thinking and vice versa. We have chosen to explore systems thinking and metacognition because assessments exist enabling concrete measures of these two thinking skills. Here, we present methods of measuring systems thinking and metacognitive awareness, and, using these methods, we present an initial exploration of the first hypothesis.
Measuring Systems Thinking
Wiek et al. [31] define systems thinking as the ability to analyze complex systems across different domains (e.g. society, environment, economy), at different scales, including the identification of system components, dynamics, cross-cutting influences, and other system features related to sustainability, such as perceptions, motives, and decisions. We propose that concept maps illustrate systems thinking.
Concept maps are visual representations of knowledge domains consisting of nodes, each displaying a noun (or noun phrase), connected with arrows labeled with a verb (or verb phrase), as illustrated in Fig. 1 [19] . They are typically used in one of three ways:
1. by students to represent either individual or group understanding of a knowledge domain, 2. by educators to graphically represent knowledge domains to students, 3. by educators as a tool to assess student understanding of a knowledge domain. Advantages to representing knowledge in concept maps rather than prose include emphasizing relationships between concepts, and patterns of relationships among concepts [19] . It is reported that concept map utility for assessment has been evaluated across many fields of study. There is significant evidence [19] that, within university education, concept map assessments have high interrater reliability, correlate moderately with other assessments, and are sensitive to knowledge gains resulting from instruction.
Relating to engineering education, Besterfield-Sacre et al. [3] showed that concept maps are valid assessment tools of engineering student performance. Watson et al. [30] evaluated the efficacy of three concept map scoring methods, namely the traditional, holistic, and categorical [27] methods. Each scoring method has its strengths. In the case of the traditional method, which quantifies the number of concepts, levels within hierarchies, and number of cross-links between hierarchies, the method's strength is a relatively quick assessment time. Watson 
To measure student levels of systems thinking, we first give students a mini-lesson on concept map construction reflecting the procedure developed by Novak and Canas [20] . Next, we present students with a paragraph describing a WSP case study which was developed by Lonngren et al. [14] . As per the Lonngren et al. study, students are also presented with six possible responses to the case study and are asked to choose one of the six as the best. They are then asked to construct a concept map given the following focus question:
• What should be considered in order to successfully implement the solution you have chosen? Each student map (an example of which is provided in Fig. 1 ) is scored according to the method [21] described as "traditional" by Watson et al. [30] . A single score for the concept map is computed using the following relationship: Cmap = Total Score = (NC -NCL) + 5×HH + 10×NCL where: NC = number of concept nodes NCL = number of cross-links (between hierarchies) HH = number of levels in the largest (i.e. highest) hierarchy The Cmap score described above reflects the rubric shown in Table 2 . 
Measuring Metacognitive Awareness
The Metacognitive Awareness Inventory (MAI) is an assessment instrument aimed at measuring a student's level of metacognitive knowledge and regulation. Developed in 1994 by Schraw and Dennison [26] , and consisting of 52 statements each of which the respondent is asked to either agree or disagree, it is acknowledged in the literature as a reasonable, easy-to-use tool providing a reliable measure of a student's metacognitive levels. Each statement relates to an aspect of metacognition, i.e., either metacognitive knowledge or metacognitive regulation. The total MAI score is the sum of the number of statements with which the respondent agrees, so that the maximum score on the MAI instrument is 52.
First Version of the Data Collection Protocol
The following describes the data collection protocol developed to measure systems thinking and metacognition in UBC's first year engineering cohort which consists of approximately 800 students. This paper reports a test of the data collection protocol, performed in March 2017, aimed at determining the protocol's strengths and weaknesses.
APSC 101 is a first year, design-focused, flippedclassroom, course that has been offered to engineering students since January 2015. The course consists of two classes of 50 minutes and one 2-hour studio session each week. Approximately 60 students are in each studio section.
To obtain Cmap and MAI data from the first year engineering cohort, the following steps were completed:
1. a written announcement of the study was provided to each studio instructor, who then informed students of the opportunity to volunteer in the study. The announcement included: a. a date and time for the study's workshop (which included data collection activities and a pizza and pop lunch), b. the list of authors of the study, and c. a broad description of the purpose of the study. Students were told to expect an e-mail later that day with more details. 2. After the studio session announcement, students received an e-mail containing the same information that was read out in the studio session along with a request to those interested in participating, to complete an anonymous sign-in sheet. given a small gift certificate in recognition of their giving time to attend the workshop. Of the fifteen first year students who signed up for the mid-March 2017 workshop, four participated. Because of this low number, and in order to further test the data collection protocol, data was also collected from second year students. In this case, one of the authors attended a class of approximately twenty students, during which the intent and conditions of the study were explained and students were asked to participate during class time. Those who did not wish to participate were excused from the class; seventeen of the twenty students kindly stayed and completed the concept mapping and MAI tasks. The instructor for the class was not present therefore interactions between the visiting author and the students were anonymous. Workshop steps "3b", and "3c" described above were then deployed. The second year students had previously studied concept map construction skills, therefore, instead of step "3a" described above, students were briefly reminded of the steps involved in concept map construction.
RESULTS AND ANALYSIS
Data collected from both the four first year students and the seventeen second year students are presented in Fig. 2 . Analysis of this preliminary data set suggests the Pearson correlation coefficient between Cmap and MAI scores may be weak but positive (for the preliminary data it is 0.154, with a 2-tailed sig. = 0.506).
Further, Fig. 3 suggests that first year students may have a weaker variation in Cmap score (std. dev.=11.6) than second year students (std. dev.=24.7). Also, these preliminary data indicate that the second year students may have outperformed the first year students in Cmap scores (Hedge's g=0.49, medium effect), and in MAI (g=0.59, medium effect). However, the small sample size (N=21) means that no conclusions can be made. 
DISCUSSION AND NEXT STEPS
The following sections discuss the data collection protocol, preliminary results, and next steps to be followed in 2017-2018.
Discussion of Data Collection and Analysis
The test of data collection procedures reported here highlight significant challenges. Low first year student recruitment numbers are concerning. It may be that a data collection workshop (including pizza and pop) taking place only two weeks prior to the university's examination period, is simply bad timing. Further, it may be that students do not perceive a studying advantage to the workshop. The high participation of second year students may indicate that the use of APSC 101 instructional time for data collection could greatly increase first year participation rates.
A higher quality of first year student concept maps compared to those of second year students is evident by visual inspection of maps. That is, while the first year student maps are well organized, with clear identification of nouns (or noun phrases), verb-labelled arrows, and cross-links, seven of the seventeen second year student maps are missing at least some verb-labels. Of these, one concept map is missing all arrows connecting different concept nodes. This observed difference in maps may be due to the quality of the mini-lesson provided just prior to first year students completing their systems-thinking task.
Concept map analysis time is a critical component of a study involving hundreds of students. During analysis of the preliminary data presented here, we found that concept map evaluation required training time for the evaluator to ensure consistent results (approximately 45 minutes) and approximately 5 minutes to score the work of each student. Ensuring concept map scoring consistency while minimizing the time and cost of the scoring process is an important part of future work.
Finally, a deeper concern exists regarding our preliminary work: our measuring of transdisciplinary skills may warrant strengthening. Assessment techniques described in the transdisciplinary literature (for example see [31, 25] generally rely on the detailed and timeconsuming assessment of written work using a carefully constructed marking rubric. To avoid long assessment times, we chose here to focus on systems thinking as measured by Cmap scores. We argue that systems thinking is a transdisciplinary skill. But other ways of thinking are also part of the transdisciplinary skill-set. In addition to, or perhaps instead of, systems thinking, it would be ideal to quantify the personal values, and empathetic level of students.
Discussion of Preliminary Results
Although the sample sizes are small, intriguing observations can be made about the preliminary data. A weak but positive correlation is noted between MAI and Cmap scores, suggesting systems thinking and metacognition may indeed be correlated. In particular, the four first year students' scores correlate strongly (r = 0.984, p = 0.016). However, considering the very small sample size and the distribution of second year students' scores, it is hard to imagine that these findings are not largely the result of chance. At the same time, the first year students received additional instruction on the creation of concept maps, so we cannot dismiss the possibility that a higher degree of correlation has been observed as a result of this training. That is, the minilecture for second year students was much shorter than that given to first year students. In part this was due to time constraints in the second year classroom, but, also, it was assumed that, because the second year students had studied concept map construction earlier in the term, only a brief reminder of concept map construction steps was required.
Future Explorations
The preliminary work presented in this paper aids the generation of an improved data collection protocol that we intend to deploy in the 2017-2018 academic year. Our next steps include:
1 This paper does not offer a detailed discussion of the metacognition learning intervention mentioned in item 1 of the above. However, generally speaking, we envision this intervention to be a series of reflection activities, each linked to specific design assignments and each focused on students exploring both the types of mistakes made in University of Toronto; June 4 -7, 2017 -7 of 8 -their assignments and their level of confidence in knowledge of the design concepts assessed by the assignment.
SUMMARY and CONCLUSION
The need for engineering students to successfully address and manage WSPs with others, raises the complex question of how best to develop and teach constructively aligned transdisciplinary skills. To address this question, we propose that transdisciplinarity, as measured by systems thinking, is positively correlated with metacognition, and that learning metacognitive skills can be used a first step to developing transdisciplinarity.
A data collection protocol, using concept maps to measure systems thinking and the MAI to measure metacognition, is described and a test of this protocol is presented. Analysis of the test data yielded results that are tantalizing, though not statistically significant, and deploying the data collection protocol stimulated improvements to future data collection activities such as:
• collecting data during instructional time rather than during a data collection workshop; • measuring more than one transdisciplinary skill (i.e. measuring systems thinking via concept map data and measuring empathy via the Intercultural Sensitivity Index); and • convening focus groups to gain insights into the student learning experience. During the 2017-2018 academic year, we, the authors, plan to develop metacognitive learning interventions for the first year engineering course, then deploy the improved data collection protocol to measure the influence of these interventions on both metacognitive and transdisciplinary skills.
